Insulin-like growth factor 1 (IGF-l) and its receptor (insulin-like growth factor 1 receptor, IGFIR) can regulate the extracellular matrix synthesis and play a crucial role in maintaining the normal functions of the intervertebral disc (IVD). The objective of this study was to investigate whether there would be accelerated IVD degeneration (IVDD) in IGFIR+ '-mice. Three IGFIR+ '-male mice and three wild-type male mice were sacrificed respectively at 6, 12, and 18 weeks after birth. Six lumbar disc samples were harvested from each mouse, with a total of 54 disc samples taken from each genotype. Histomorphological analysis for the IVD was performed to assess the degenerative extent according to the classification system proposed by Boos et al. Quantitative real-time PCR and semi-quantitative histologic scoring (HScore) for immunohistochemical staining were used to evaluate the expression level of type-II collagen, aggrecan and matrix metallopeptidase 13 (MMP-13). Histomorphological analysis for the discs revealed significantly less amounts of proteoglycan and type-II collagen, and significantly higher total degenerative score in IGFIR+ '-mice than in wild-type mice. Real-time PCR showed that the mRNA expressions of type-II collagen and aggrecan in the discs were significantly lower, while MMP-13 was significantly higher in IGFIR+ '-mice than in wild-type mice. The results of HScore analysis were similar to those obtained from the quantitative real-time PCR. Taken together, our study indicates that reduced expression of IGFIR would lead to accelerated degeneration of IVD. IGFIR+'-mice could be regarded as a good animal model to study IVD degeneration (IVDD), and studies on the IVD ofiGFIR+'mice could provide further insight into the pathogenesis of IVDD.
Intervertebral disc degeneration (IVDD) is characterized pathologically by dehydration, proteoglycan depletion, diminished cellularity of the nucleus pulposus, and disorganization and disruption of the annulus fibrosus. Although the pathogenesis of this degeneration is not fully understood, many growth-promoting factors, such as insulin-like growth factor 1 (IGF-l), transforming growth factor pI (TGF-Pl), and bone morphogenetic protein 2 (BMP-2), have been proved to be able to slow down, or even reverse the degenerative process of the disc (1).
IGF-1 is a type of hormone similar in molecular structure to insulin. It binds to its specific receptor (IGF-l receptor, IGFlR) with a high affinity, resulting in auto-phosphorylation ofthe receptor, and then activating the intrinsic tyrosine kinase and the specific signaling cascades (2) . IGF-l has growthpromoting effects on almost every kind of cell in the body, and promoted the proteoglycan synthesis 338 B. LI ET AL. in cultured nucleus pulposus tissue of adult canine (3) . The proteoglycan synthesis in cultured cells of the bovine nucleus pulposus was also enhanced in proportion to the concentration of IGF-l. Stronger expressions of IGF-l and IGFIR mRNA were also detected in young cultured disc cells than in mature cells (4) . Furthermore, It has been reported that cells of the nucleus pulposus and inner annulus fibrosus from human IVDs expressed significantly higher levels ofIGF I R, and that decline in IGF-l-dependent proteoglycan synthesis in rat intervertebral disc cells was caused by a down-regulation of IGF IR during the late stages of aging (5, 6) . Genetic variation at the IGF I R gene locus was also associated with spinal disc degeneration (7) . These findings indicated that IGF-I and its specific receptor could regulate the extracellular matrix synthesis in IVD and have a crucial role in maintaining the normal functions of IVD.
The biological functions of IGF-l, however, are mainly accomplished by its binding to IGFIR and then activating the associated signaling pathways. Theoretically, IGF-l would lose its protective role against IVDD in IGFIR gene knock-out animals, but this has never been verified. In this study, we hypothesized that accelerated IVDD would develop in IGF IR gene knock-out mice than in wild-type mice. Since mice lacking IGFI R (lGFI R-I -) are not viable and will die at birth while IGFIWI'mice possess only half the normal number of the receptors and lived 26% longer than wild-type littermates (8), we investigated the pathological changes of the intervertebral disc in IGF IR+1mice to prove our hypothesis.
MATERIALS AND METHODS

Experimental animals
New-born wild-type male mice and IGFIR+ i heterozygote breeding male mice were from the Model Animal Research Center of Nanjing University, Nanjing, People's Republic of China. The genotype of IGFIR+ 1 -mice was determined by PCR. The IGFIR allele of wild-type mice was detected by using primer I (5'-CCATGGGTGTTAAATGTTAATGGC-3') and primer 2 (5' -ATGAATGCTGGTGAGGGTTGTCTT-3 '). Its product length was 900 bp. The mutant IGF IR allele of IGFIR /mice was detected by the same primers. Its product length was 202 bp. The heterozygote (IGFIR+ Imice) had product lengths of both 900 bp and 202 bp (Fig.
I).
Three IGF IWI. mice and three wild-type mice were sacrificed respectively at 6, 12, and 18 weeks after birth. Six lumbar disc samples were harvested from each mouse, with a total of 54 disc samples taken from each genotype. At each time point, nine disc samples from each genotype were used for histomorphological analysis and immunohistochemical staining and nine disc samples for real-time PCR analysis. All animal procedures in our study were implemented in accordance with a protocol approved by the Institutional Animal Care and Use Committee of Shanghai Jiaotong University School of Medicine.
Histomorphological evaluation
Three lumbar IVD specimens including the superior and inferior endplates from each mouse were fixed, decalcified, dehydrated, cleared with dimethyl benzene, and then embedded in paraffin. Serial sections in 4 urn thickness were obtained in the sagittal plane and stained with either hematoxylin-eosin and alcian blue-PAS, or Safranin-O/Fast Green, or picro-sirius red (9, 10) . The degenerative extent of IVO was graded according to the classification system for the histologic features of agerelated changes in the lumbar disc (11, 12) ( Table I) .
The nucleus pulposus/anulus fibrosus and cartilaginous endplates were zraded separately, and a higher score represented a more severe extent of disc degeneration. Morphometric eva:uJ::"11 was carried out under an image auto-analysis system all": a polar scope system (ZEISS Imager Ml , Germany). The sections were evaluated by two observers, independently and blindly. The final results presented were the averages of the two observers.
RNA isolation and quantitative real-time PCR
Total RNA from another three lumbar IVOs of each wild-type male mice and IGFIW 1 -heterozygote male mice was isolated by grinding the frozen samples in liquid nitrogen with a mortar and pestle followed by extraction with Trizol reagents (Invitrogen) according to the manufacturer's protocol. The quantity and purity of the isolated RNA was measured at 00260 and 00280 and analyzed on a O.SxS TnL (0.045 mol/L Tris borate. 0.001 mol/L EDTA) 1% agarose gel to check the integrity of the RNA. Then total RNA was reversely transcribed with the One-Step TaKaRa Primescript TM RT Reagent Kit (TaKaRa, Japan). First-strand cDNA was synthesized from I ug total RNA. The gene expression of aggrecan, MMP-13 and type-II collagen was measured by realtime PCR with SYBR Premix Ex Taq (Takara, Shiga, Japan) and an ABI Prism 7500 sequence detection system (Applied Biosystems , Foster City, CA, USA). The primers of actin, type-II collagen, aggrecan, and MMP-13 (TaKaRa Biotechnology) are listed in Table II. The reaction mixture was amplified at 50°C for two min and 95°C for 30 s and then 40 cycles of 95°C for five s followed by 60°C for 34 s. The optimal concentration of primers and templates used in each reaction was established according to the standard curve created before the reaction and corresponding to the nearly 100% efficiency of the reaction. Gene expression relative to the control was calculated with the 2-K t formula method. The Ct value of each eDNA sample was defined as the cycle number at which the fluorescence intensity of each target gene was amplified within the linear range of the reaction.
Immunohistochemistry
The obtained paraffin sections (4 urn thickness) were treated with xylene to remove the paraffin and rehydrated in graded alcohol baths and rinsed three times in phosphate-buffered saline (PBS) and then immunostained with the streptavidin-biotin peroxidase (SABC) technique according to our previously described procedure (13) . They were put into 10 mmollL citrate buffer (pH6.0) at 98°C for 10 min to retrieve the antigens and cooled down to room temperature for 20 min. Then sections were incubated in 1% HPz for 15 min to block the endogenous peroxidase activity, followed by incubation overnight at 4°C with mouse monoclonal type-II collagen antibody (Abeam, ab3092, I: 100 dilution), rabbit polyclonal aggrecan antibody (Novus, nbp 1-71370, I: 100 dilution), and MMP-13 antibody (Abeam. ab75606, I: 100 dilution) after pre-incubation with 5% normal goat serum (Vector, S-IOOO) for 30 min at room temperature. Then sections were incubated with the corresponding biotinylated goat anti-rabbit IgG (Vector, BA-IOOO), applied for 30 min at a dilution of I :200, followed by a triple wash in PBS. Finally, at room temperature, the sections were incubated in ABC complex (Vectastain ABC kit, Vector Cat# PK-6100) for 30 min. Staining was detected with DAB peroxides substrate solution for 5 min, followed by rinsing in distilled water briefly. After counterstaining with Gill's hematoxylin solution for 3 min, the slides were dehydrated in graded ethanol, cleared in xylene and mounted with Permount medium.
The quantification ofprotein expressions
The expressions of type-II collagen, aggrecan and MMP-13 were analyzed by using a semi-quantitative histologic scoring (HScore) method, as described in the literature (14) . Briefly, immuno-staining intensity of each sample was semi-quantitatively scored as follows: 0, no staining; I, weak but detectable staining; 2, moderate or distinct staining; 3, intense staining. In addition, the percentage of positive staining areas or cells was evaluated. For each sample, an HScore value was obtained by multiplying the immuno-stainintg intensity with the corresponding percentage of positive staining areas or cells, with the final score values ranging from 0 to 300. The HScore value was determined independently by two observers and samples with contradictory scores were reevaluated jointly until they reached an agreement.
Statistical analysis
Statistical analysis was performed by using the SPSS 11.5 statistical software program (SPSS Inc., Chicago, IL, USA). Student t-test was used to determine whether there was a significant difference between wild-type and IGFIW 1 • mice at different age groups for the total degenerative scores of IVD. HScore values were presented as mean ± SD and analyzed by one-way analysis of variance (ANOVA) and Fisher's protected least significant difference as a post hoc test. A p value less than 0.05 was considered statistically significant.
RESULTS
Histomorphological features
Hematoxylin-eosin and alcian blue-PAS stainings were performed to assess the degenerative extent of the IVDs. In the 6-week-old IGFlR+ 1 -mice, the number of notochordal cells significantly decreased in the nucleus pulposus, and concentric tears could be identified in the anulus fibrosus. In addition, small-size new bone formation could be found in the endplate. At the age of 12 weeks, the IGFlR+ 1 -mice had more evidently decreased number ofnotochordal cells in the nucleus pulposus, more concentric tears in the anulus fibrosus and bigger-sized new bone formation in the endplate. At the age of 18 weeks, the discs of IGFlR+ 1 • mice showed severe degenerative changes, while the wild-type mice began to exhibit early stage of degenerative changes in the nucleus pulposus, anulus fibrosus and endplate. Notochordal cells could hardly be found and were almost completely substituted by fibroblastic cells in the nucleus pulposus of IGFlW I . mice. Well-arranged chondrocyte columns and smaller-sized new bone formation in the endplate were seen in wild-type mice, but disordered chondrocyte arrangement and bigger-sized new bone formation in IGFlR+ 1 • mice. In addition, tears and clefts were often seen in the nucleus pulposus and anulus fibrosus ofIGFR+ 1 • mice. Mucous degeneration was observed in the nucleus pulposus of IGFR+ 1 -mice, but not in wild-type mice (Fig. 2) . In this study, micro-fracture and sclerosis of the subchondral bone of the endplate were not seen obviously in IGFR+ 1 -mice, nor in any wild-type mice. The total degenerative score of IGFR+ 1 • mice was significantly higher than that of wild-type mice at 6, 12, 18 weeks respectively (Table III, Fig. 3 ).
Safranin-O/Fast Green staining and Picro-sirius red staining were used to evaluate the content of proteoglycan and collagen fibrils as well as their changes. The red staining intensity for proteoglycan gradually decreased in the nucleus pulposus, annulus mild birefringence in aquamarine blue or multicolor.
In wild-type mice, the inner annulus fibrous was stained in aquamarine blue and the outer anulus fibrous into bright yellow, indicating mainly type-II collagen fibrils in the inner anulus fibrous and type-I collagen fibrils in the outer anulus fibrous. These two parts were clearly divided and wellarranged in concentric circles. However, the inner and outer anulus fibrous of IGFIR+ I -mice were vaguely divided and appeared as yellow or thin green, suggesting their main component of type-I collagen fibrils. At 18 weeks , they were merged together and the boundary could not be clearly different iated ( 12W fibrosus and cartilage endplate with aging and was the weakest at 18 weeks in the IGFIR H mice disc, compared with the corresponding wild-type mice (Fig. 4) . Under polarization microscopy, type-I collagen fibrils showed intense birefringence in yellow or red, while type-Il collagen fibrils revealed
Real-time p eR analysis
The mRNA expression of type-II collagen decreased 1.9 times at 6 weeks, 1.79 times at 12 weeks and 3.13 times more at 18 weeks in the discs ofIGFIR+I-mice than in the discs of wild-type mice. Type-II collagen expression in the discs of IGF IW I. Fig. 7 . Immunohistochemical staining f or type II collagen (x 40). The staining intensity oftype II collagen in the endp late was weaker in IGF 1W Imice than in wild-type mice. The HScore of type II collagen progressively decreased with time and was also lower in IGF1W I. mice than in wild-type ones. * P < 0.05 mice gradually decreased and reached its lowest level at 18 weeks.The aggrecan mRNA expression in the discs of IGFI R+ I • mice gradually decreased with time and reached its lowest level at 18 weeks. It decreased 1.87-fold at the 6 th week, 2.3-fold at the 12 th week and 2.35-fold at the 18 th week as compared to the discs of wild-type mice. There were significantly statistical differences between the two groups at the three detection time points.
The expression ofMMP-13 mRNA in the discs of IGFIR+I'mice increased in a time-dependent manner and peaked at 18 weeks. Compared with the wildtype mice, the MMP-13 mRNA express ion in the discs of IGFIR+ I -mice increased 5.43-fold at the 6 th week, 4-fold at the 12 th week and 2.88-fold at the 18 th week. The differences between the two groups at the three detection time points were statistically significant (Fig. 6 ).
Immun ohisto chemical result
Positive staining of type-Il collagen was found mainly in the annulus fibrosus and cartilage endplate . The staining intensity was remarkably weaker in IGF IR+ I • mice than in wild-type mice at 6, 12, and 18 weeks, respectively. The HScore of type-II collagen progres sively decreased in IGFIR+I-mice and was significantly lower compared to wild-type mice at the three time points (Fig. 7) .
Abundant positive staining of aggrecan was found in the annulus fibrosus, nucleus pulposus and cartilage endplate of wild-type mice at 6, 12 and 18 weeks, compared with much weaker staining of Immunohistochemical staining for aggrecan (x40) . In the disc of wild-type mice. there was intensively positive staining in the nucleus pulposus, anulusfibrous and cartilage end-plate. The intensity ofpositive staining was weaker in the disc ofIGF IWI. mice. The HScore value ofaggrecan in wild-type mice was higher than that in IGF IWI. mice at the three detection points respectively. * P < 0.05
... Fig. 9 . Immunohistochemical staining for MMP-13 (x40). There were more strongly positive cells expressed in cartilage endplate ofIGF IWI. mice compared with aggrecan in the discs of IGF 1WI. mice. The HScore of aggrecan was also higher in wild-type mice than in IGFlR+ 1 • mice at the three detection time points (Fig. 8) .
Positive staining ofMMP-13 was mainly detected in the cytoplasm and extracellular matrix. Its staining intensity in the endplate gradually increased, peaked at 18 weeks, and was significantly stronger in IGFlR+ 1 . mice than in wild-type mice at the three detection time points. The HScore of MMP-13 was also higher in IGFlR+ 1 • mice than in wild-type mice ( Fig. 9 ).
DISCUSSION
IGFlR is a cell membrane receptor widely distributed in human tissues. IGF-l exerts its biological actions primarily by binding to IGFlR and then activates multiple intracellular signal transduction cascades. IGFI has been observed to inhibit the expression of collagenase MMP-13 in osteoblasts (15, 16) . It could also block the release of collagen and down-regulate the MMP-13 expression induced by IL-l a and IL 1a+oncostatin M in bovine nasal cartilage (17) . In addition, IGF-l was found in vitro to inhibit apoptosis (18) and prevent premature senescence (19) in human annulus fibrosus cells as well as to increase proteog1ycan synthesis (4) and inhibit MMP-2 production in bovine nucleus pulposus cells (20) . On the other hand, it has been reported that targeted disruption ofIGF1R gene led to severe growth retardation in mice, and IGF1R/mice were not viable and would die at birth (21) . However, whether accelerated IVDD would take place in IGF1R gene knock-out mice has never been investigated.
The purpose of this paper was to determine whether there would be accelerated IVD degeneration in IGF1R+ 1 -mice. We evaluated proteoglycan and collagen content as well as collagen types in the IVD of wild-type mice and IGF1R+ 1 -mice at 6, 12, and 18 weeks, respectively, by using histomorphological analysis. The results revealed that reduced expression ofIGF1R led to a series ofmorphologic degenerative changes of IVD such as the decreased number of notochordal cells and mucous degeneration in the nucleus pulposus, tears and clefts in the nucleus pulposus and annulus fibrosus, new bone formation and disordered arrangement of chondrocytes in the cartilage endplates. The proteoglycan content in the IGF1R+ 1 -mice was significantly lower than that in the wild-type mice with an increasing degree of degeneration. Type-II collagen fibrils in the inner anulus fibrous ofIGFR+I-mice were also significantly reduced, accompanied by a great number of increased type-I collagen fibrils. The boundary between the inner and outer annulus fibrous became less distinct with aging and was even merged together at 18 weeks of age. In physiological condition, the fibrillar collagen framework of the annulus fibrous is principally composed of types-I and II collagen, with almost pure type-II collagen in the inner annulus and abundant type-I collagen fibrils in the outer annulus. The alteration in collagen distribution and the matrix disorganization will result in disc degeneration. It has been reported that during aging, the expression of type-I collagen increased, whereas type-Il collagen decreased sharply, especially in the inner anulus fibrous and nucleus pulposus (22) . The total degenerative score also indicated that the IVD of IGF1W 1 -mice was in a more advanced degenerative state than that of wild-type mice at every age group examined. All these results of histomorphological analysis demonstrated that reduced IGF1R expression would give rise to accelerated disc degeneration.
Intervertebral disc degeneration was characterized with loss of proteoglycan, water and type-II collagen in the nucleus pulposus (23) . The ability of the disc tissue to withstand mechanical forces largely depended on the structural integrity ofthe matrix and on the physiological balance ofcollagen, proteoglycan and water content. Thus, intact extracellular matrix was essential to normal disc function (24) . Aggrecan was the main proteoglycan in the nucleus pulposus and provided the osmotic properties needed to resist compression (25) . High concentration of aggrecan could enable the disc to support compressive loads without collapsing and make the loads transferred equally to the annulus fibrosus and vertebral body during flexion and extension movement of the spine (26) . It has been reported that the loss of aggrecan in the nucleus pulposus might directly affect the biomechanical functions of IVD, altering loading of the facet joints and other structures, causing degenerative changes of the spine (27) . Type-II collagen, the most abundant collagen in the nucleus pulposus, formed a random fibril meshlike framework to immobilize proteoglycans (28) (29) (30) (31) . It could provide tensile strength and play an important role in the biomechanical function ofIVD. The imbalance between synthesis and degradation of type-II collagen in the disc would result in its structural variations and make the disc more susceptible to herniation and degeneration. Another important reason for intervertebral disc degeneration was the increased degradative enzymes such as MMP-13. MMP13 was a key enzyme that degraded components of the extracellular matrix such as collagens and proteoglycans, but it preferentially cleaved type-II collagen over types-I and III and had a higher catalytic velocity rate (approximately fivefold higher than MMP-I on type-II collagen) (32) (33) (34) . The abnormal expression of MMP-13 would lead to the degeneration of intervertebral disc. Therefore, we detected the expression of the three main factors involved in the matrix synthesis and degradation of IVD by real-time PCR and immunohistochemistry. The real-time PCR detection demonstrated that the mRNA expressions of type-II collagen and aggrecan gradually decreased in the discs ofIGF1W 1 -mice in a time-dependent manner and fell to their lowest levels at the 18 th week but the MMP13 mRNA expression increased with time and peaked at the l S" week. The immunohistochemistry results also showed that the expressions of type-II collagen and aggrecan significantly decreased but the MMP-13 expression increased in IGFIR+ I mice with aging. These results suggest that IGFIR+ Imice developed degenerative changes of IVD possibly through down-regulating the expression of type-II collagen and proteoglycan and up-regulating MMP13.
The reason for the accelerated degenerative changes of IVD in IGFIR Ti mice was possibly due to the decreased expression of IGFIR. It has been reported that IGF1W Imice possessed only half the normal number of the receptor (8) . It is well known that IGF 1 is a very important protective factor against IVDD. So the decreased IGFIR expression would not make IGFI bind to its receptor sufficiently and function normally. Lastly, it resulted in the occurrence of disc degeneration. The precise mechanism and signal transduction pathways involved in these changes still need further investigation.
In conclusion, our results indicate that IGF 1R has a crucial role in maintaining the normal functions of IVD and that reduced expression of IGFIR could lead to accelerated degeneration of IVD in mice. IGFIR+ Imice could be regarded as a good animal model to study IVD degeneration. Studies on the IVD of IGFIR+ 1 -mice could provide further insight into the pathogenesis of IVDD.
